Aqueous solutions of dispersed lycopene in which gum arabic, gum ghatti and polyglycerol monostearate ester had been used as emulsifiers were photoirradiated. The photodegradation rate of lycopene tended to vary depending on the amount of polyglycerol monostearate ester used. We found that the photodegradation rate of lycopene with polyglycerol monostearate ester was considerably slower than those with gum arabic and gum ghatti. Therefore, this study suggests that the absorption state of the emulsifier on the crystal surface may affect the photodegradation rate of lycopene.
Introduction
Carotenoids are used as a colorant in many food products (Nishino et al., 2007) . For these purposes, it is very important to elucidate the photodegradation mechanism of carotenoids in aqueous solution and to improve their photostability. We previously conducted a study to evaluate the photostability of lycopene in aqueous solution by using dispersions containing gum arabic as an emulsifier and found a correlation between dissolved oxygen concentration and the photostability of lycopene (Nishino et al., 2011) . Other emulsifiers commonly used in food production, when processing oil-soluble substances such as carotenoids into water-dispersible preparations, include synthetic surfactants such as polyglycerol esters of fatty acids, sucrose esters of fatty acids and polysorbates, and emulsifying polysaccharides such as modified starch and gum ghatti (Nishino et al., 2002; Sakata and Nishino, 2010; Ido et al., 2008) . The type of emulsifier to be used for the development of an emulsion is determined based on the emulsification stability of the emulsion (Dluzewska et al., 2005) . Although several studies have been done on the color degradation stability of oil-in-water (O/W) emulsions of carotenoids in aqueous solution (Ribeiro et al., 2003; Ax et al., 2003) , the relationship between the type of emulsifier used and the photostability of carotenoids in the emulsion system remains unclear. In order to clarify the role of emulsifiers in the photolytic mechanism of carotenoids, we compared the photostability of lycopene dispersions containing gum arabic, gum ghatti and polyglycerol monostearate ester.
Materials and Methods
In this study, we used gum arabic and gum ghatti, which are natural polysaccharides widely used as emulsifiers in Japan, and polyglycerol monostearate ester, a synthetic surfactant containing a stable saturated acyl group. A tomato lycopene dispersion was prepared using gum arabic, gum ghatti or polyglycerol monostearate ester as an emulsifier. The gum arabic, gum ghatti and polyglycerol monostearate ester used were Gum Arabic Powder No. 21 (San-Ei Gen F.F.I., Inc., Osaka, Japan), Ghatti Gum RD (San-Ei Gen F.F.I., Inc., Osaka, Japan) and Poem J-0081HV (Riken Vitamin Co., Ltd., Tokyo, Japan). The dispersions contained 1 wt% 95%pure tomato lycopene, 10 wt% emulsifier (gum arabic, gum ghatti or polyglycerol monostearate ester), 14.5 wt% propylene glycol and 74.5 wt% water. Tomato lycopene dispersions were prepared in which lycopene crystals were microparticulated. After mixing the ingredients, the tomato lycopene dispersion was adjusted to a median diameter (d50) of 0.2 -0.25 μm using a bead mill. The median diameter (d50) of the tomato lycopene dispersions was measured using a laser diffraction particle size analyzer (MT-3300EX-II, Microtrac, Largo, Florida, USA) with water as a solvent. The relative refractive index of the particles was 1.81, and the refractive gesting a reaction sequence . They also reported that all-trans lycopene was degraded to geranial, neral, 2-methyl-2-hepten-6-one, and 6-methyl-3,5-heptadien-2-one by thermal degradation . The observations of this study suggest that color degradation occurs through the production of intermediate substances during the earlier irradiation stage, followed by further degradation into low-molecular-weight compounds such as geranial, neral, 2-methyl-2-hepten-6-one, index of the water phase was 1.333.
The lycopene dispersions were diluted to a lycopene content of 10 ppm with 0.05 mol/L phosphate buffer solution, pH 3.2, containing about 8 mg/L of dissolved oxygen. Each solution was irradiated at 600 W/m 2 (300 − 700 nm) in a 200-mL glass bottle using a XWL-75R Xenon Weather Meter (Suga Test Instruments, Tokyo, Japan). Each solution was diluted with tetrahydrofuran (THF) before and after photoirradiation, and was analyzed by HPLC on a L-column ODS (4.6 × 250 mm) (Chemicals Evaluation and Research Institute, Tokyo, Japan) with a mobile phase consisting of a 35:30:25:10 mixture of acetonitrile, THF, ethanol and water, at a flow rate of 1.5 mL/min and a detection wavelength of 470 nm to determine the lycopene content. The concentration of dissolved oxygen in each solution was measured using a D25 dissolved oxygen meter (Horiba, Tokyo, Japan).
Results and Discussion
The relationships between irradiation time and lycopene content or dissolved oxygen content are shown in Fig. 1A and Fig. 1B . The residual content of lycopene and the dissolved oxygen content following photoirradiation varied depending on the type of emulsifier used. The changes in lycopene content and dissolved oxygen content in aqueous solutions containing lycopene dispersions prepared using different emulsifiers followed a first-order reaction model. The degradation rate constants of lycopene (k-lycopene, h −1 ) with the various emulsifiers were as follows: 0.078 ± 0.002 (gum arabic), 0.071 ± 0.003 (gum ghatti), and 0.037 ± 0.001 (polyglycerol monoesters of stearic acid). The dissolved oxygen consumption rate constants (k-O 2 , h −1 ) were as follows: 0.019 ± 0.001 (gum arabic), 0.020 ± 0.001 (gum ghatti), and 0.011 ± 0.001 (polyglycerol monoesters of stearic acid). The degradation rate of lycopene and the consumption of dissolved oxygen tended to be significantly higher with gum arabic and gum ghatti than with polyglycerol monostearate ester.
The relationships between the consumption of dissolved oxygen and the consumption of lycopene in aqueous solutions containing various emulsifiers are shown in Fig. 2 . For all emulsifiers, a correlation was found between the consumption of dissolved oxygen and lycopene degradation. However, this did not correspond to a first order curve. This result implies that the photodegradation of lycopene is not in a single fashion, or involves factors other than dissolved oxygen. For example, further decomposition of lycopene degradation products may involve oxygen consumption.
Kanasawud et al. investigated the thermal degradation products of β-carotene and lycopene in aqueous solutions, and revealed that β-carotene was degraded to various lowmolecular weight compounds via dihydroactinidiolide, sug- fier is shown in Fig. 4 . No significant relationships were observed between the consumption ratio of lycopene to dissolved oxygen and the emulsifier content among the three types of emulsifier. These results suggest that polyglycerol monostearate has the ability to protect lycopene from pho-and 6-methyl-3,5-heptadien-2-one during the later irradiation stage, with faster loss of lycopene. These findings suggest that the amount of dissolved oxygen consumed in the lycopene photodegradation reaction varies between the earlier and later irradiation stages.
With regard to the relationship between the degradation of lycopene and the consumption of dissolved oxygen, no significant difference was observed among the emulsifiers used in this study (Fig. 2) . These findings suggested that the photodegradation rate of lycopene was not influenced by the consumption of dissolved oxygen.
We next examined the photodegradation stability of lycopene dispersions containing different amounts of emulsifier ( Fig. 3) . As shown in Fig. 3A , the residual content of lycopene following photoirradiation was lowest in the gum arabic-containing lycopene dispersion, followed by the gum ghatti-containing dispersion and the polyglycerol monostearate ester-containing dispersion.
The results also showed an increase in residual lycopene content as the amount of polyglycerol monostearate ester increased, whereas no significant difference was observed in the degradation of lycopene depending to the amount of gum arabic or gum ghatti used. Figure 3B shows the dissolved oxygen contents after photoirradiation. The content was highest in the dispersion containing polyglycerol monostearate ester, followed by that containing gum arabic, while that containing gum ghatti had the lowest.
The relationship between the consumption ratio of lycopene to dissolved oxygen and the concentration of emulsi- Fig. 3 . Effect of emulsifier content on lycopene and dissolved oxygen following photoirradiation by a Xenon Weather Meter for 30 h. ○, gum ghatti; •, gum arabic; ▲, polyglycerol monostearate ester.
The mean ± standard error (n = 3). **P < 0.01, *P < 0.05 compared with 100 ppm. emulsifiers on the crystal surface may affect the photodegradation rate of lycopene. Further research is needed to reveal the emulsifiers' antioxidative mechanism against oxygendependent degradation of lycopene.
todegradation, possibly through interference with contact between dissolved oxygen and lycopene. The emulsification stability of gum arabic and gum ghatti are achieved by the adsorption of a macromolecular fraction referred to as arabinogalactan-protein to the interface (Dickinson, 2003; Aoki et al., 2007; Katayama et al., 2008) . Roque et al. investigated the adsorption of gum arabic on bioceramic nanoparticles, and reported that the adsorption of gum arabic onto hydroxyapatite nanoparticles followed a Langmuir isotherm equation (Roque and Wilson, 2007) . This report indicated that both gum arabic and gum ghatti contained polysaccharides that were adsorbed by the lycopene crystal interface to form a monolayer. However, Kawasaki et al. reported that the surfactants were adsorbed by the solid-liquid interface to form a horizontal monolayer or a hemicylindrical aggregate (Kawasaki, 2003; Kawasaki et al., 2004) . Suzuki et al. also reported that liquid crystals of the closed lamella type, composed of surfactant, fatty alcohol and water, were formed in the continuous phase of an oil-in-water emulsion with a higher concentration of surfactant and fatty alcohol (Suzuki et al., 1983) . These findings suggest that the interaction pattern between the lycopene crystals and the emulsifier layer adsorbed by the interface may vary depending on the concentration of polyglycerol monostearate ester. Silvestre et al. investigated the stability of an oil-in-water emulsion prepared with polyoxyethylene 10 stearyl ether (Brij 76) or polyoxyethylene 100 stearyl ether (Brij 700). Therefore, they implied that the interfacial thickness of an emulsion droplet could be an important determinant of the oxidative stability of an emulsion (Silvestre, 2000) .
Our study showed that the stability of lycopene in aqueous solution was influenced by the type and amount of emulsifier used. The observed difference in the degradation rate of lycopene using different emulsifiers may be attributable to the contact frequency of the lycopene crystals with dissolved oxygen, which varies depending on the condition of the emulsifier layer adsorbed by the interface. It is likely that polyglycerol monostearate ester, when present at a high concentration, forms a multilayered, emulsifier-adsorbing layer at the interface, thereby preventing contact between lycopene and dissolved oxygen.
In conclusion, the present study indicates that the photodegradation rate of lycopene varies depending on the emulsifier used. The photodegradation rate of a lycopene dispersion prepared using polyglycerol monostearate ester was considerably slower than those of lycopene dispersions prepared with gum arabic or gum ghatti. In addition, the photodegradation rate of a lycopene dispersion prepared using polyglycerol monostearate ester was influenced by its concentration. Therefore, this study suggests that the absorption state of The effect of the emulsifier concentration was plotted against the consumption ratio of lycopene per dissolved oxygen following photoirradiation. ○, gum ghatti; •, gum arabic; ▲, polyglycerol monostearate ester. The mean ± standard error (n = 3).
